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Renal collecting duct water channels [aquaporins (AQPs)] are essential to normal urinary concentrating ability by enhancing water reabsorption along this nephron segment. The majority of water reabsorbed in the collecting duct occurs in the principal cells, via the AVP-regulated water channel AQP2 (3, 16, 34) . In the outer and inner medulla, AQP2 is present in both glycosylated (ϳ35 kDa) as well as nonglycosylated (ϳ29 kDa) forms, whereas in the cortex only the nonglycosylated form (ϳ29 kDa) is detected (22, 25) . This water channel is predominantly expressed in the apical surface of connecting tubule and the entire collecting duct system (25) . This study was undertaken to examine whether 24 h of food deprivation affects urinary concentrating ability in rats and to investigate the molecular basis of such a defect. Our results indicate that rats that fasted for 24 h demonstrated a defect in the kidney's ability to produce a concentrated urine and exhibited a polyuria along with hypodipsia. This correlated with the downregulation of AQP2 protein expression in the cortical and outer medullary collecting duct (OMCD).
METHODS
Animal model. Male Sprague-Dawley rats were placed in metabolic cages and allowed free access to food and water. After 3-4 days of adjustment to metabolic cages, rats were divided into two groups. One group (control) had free access to food and water, whereas the second group was deprived of food (fasting) for 24 h. Half of the fasting group was killed 24 h after food deprivation, while the other half was switched back to a normal diet for up to 48 h (recovery). At death, the animals were weighed; the blood was obtained for serum [ , and glucose analysis, where brackets indicate concentration. The kidneys were removed, and the superficial cortex, inner stripe of outer medulla, and inner medulla were dissected and snap frozen in liquid nitrogen, and stored at Ϫ70°C for RNA isolation and microsome preparation. The gastrointestinal tract was excised from the end of the esophagus to the rectum from experimental groups and weighed. The body weights were adjusted by considering the difference in the weights of gastrointestinal contents in experimental groups.
Total RNA isolation. Total cellular RNA was extracted from renal cortex, inner stripe of outer medulla, and inner medulla by the method of Chomczynski and Sacchi (4). In brief, 0.5-1 g of tissue was homogenized at room temperature in 10 ml Tri-Reagent (Molecular Research Center, Cincinnati, Ohio). Total RNA was extracted by phenol-chloroform and precipitated by isopropanol (4). Total RNA was quantitated by spectrophotometry and stored at Ϫ80°C.
Northern hybridization. Total RNA samples (30 g/lane) were fractionated on a 1.2% agarose-formaldehyde gel and transferred to nylon membranes by using 10ϫ SSPE as transfer buffer. Membranes was cross-linked by UV light and baked. Hybridization was performed overnight according to Church and Gilbert (5) . The membranes were washed and exposed to PhosphorImager screens for 24-72 h. For AQP2 probe, a 296-base pair PCR fragment was generated by using the following primers: 5Ј-AGCGCGCAGAAGTCGGAGCA-3Ј (sense, bases 102-121) and 5Ј-CAGCCACATAGAAG-GCAGCT-3Ј (antisense, bases 378-397) and used as a specific probe.
Preparation of membrane fractions from renal outer medulla, cortex, and inner medulla. A total membrane fraction containing plasma membrane and intracellular membrane vesicles was prepared as described (22, 23) with minor modifications. Briefly, the tissue samples were homogenized in ice-cold isolation solution (250 mM sucrose and 10 mM triethanolamine, pH 7.6) containing protease inhibitors (phenazine methylsulfonyl fluoride, 0.1 mg/ml; leupeptin 1 g/ml), by using a polytron homogenizer. The homogenate was centrifuged at low speed (1,000 g) for 10 min at 4°C to remove nuclei and cell debris. The supernatant was spun at 150,000 g for 90 min at 4°C. The pellet containing plasma membrane and intracellular vesicles was suspended in isolation solution with protease inhibitors. The total protein concentration was measured, and the membrane fractions were solubilized at 65°C for 20 min in Laemmli sample buffer.
AQP2-specific antibody. A polyclonal antibody specific to AQP2 water channel was raised using commercial services (Genosys Biotechnology, Woodlands, TX). As it has been used successfully by other investigators (23, 25) , the rat AQP2 peptide NH2-CEVRRRQSVELHSPQSLPRGSKA-COOH, which corresponds to amino acid residues 250-271 of the carboxy-terminal tail of the vasopressin-regulated AQP2 water channel, was used to develop the AQP2 antibody. A cysteine residue was added at the amino terminal end of the peptide to facilitate its conjugation with a carrier protein. Two rabbits were immunized with the conjugate complex. Both rabbits developed ELISA titers greater than 1:100,000. The antiserum was affinity purified by covalently immobilizing the immunizing peptide on commercially available columns (Sulfo-Link Immobilization kit 2, Pierce, Rockford, IL). With regard to AQP1 water channel, a 19-amino-acid synthetic peptide within the carboxy-terminal domain of rat AQP1 was selected for a specific AQP1 antibody production (Alpha Diagnostic Int., San Antonio, TX).
Electrophoresis and immunoblotting. These experiments were carried out as previously described (22, 23, 25) . Briefly, the solubilized membrane proteins were size fractionated on 10% polyacrylamide minigels (Novex, San Diego, CA) under denaturing conditions. By using a Bio-Rad transfer apparatus (Bio-Rad Laboratories, Hercules, CA), the separated proteins were electrophoretically transferred to a nitrocellulose membrane. The membrane was blocked with 5% milk proteins and then probed with affinity purified anti-AQP2. The secondary antibody was a donkey anti-rabbit immunoglobulin conjugated to horseradish peroxidase (Pierce). The site of antigen-antibody complexation on the nitrocellulose membranes was visualized by using the chemiluminescence method (SuperSignal Substrate, Pierce) and captured on light-sensitive imaging film (Kodak). Bands corresponding to AQP1 and AQP2 proteins were quantitated by densitometric analysis using UN-SCAN-IT gel software (Silk Scientific, Orem, Utah) and were expressed as a percentage of pooled controls. The equity in protein loading in all blots was first verified by gel staining using the Coomassie brilliant blue R-250 (Bio-Rad) as shown in Fig. 2B .
Materials. 32 P-dCTP was purchased from New England Nuclear (Boston, MA). Nitrocellulose filters and other chemicals were purchased from Sigma (St. Louis, MO). RadPrime DNA labeling kit was purchased from GIBCO-BRL. AQP1 antibody was purchased from Alpha Diagnostic Int.
Statistic analyses. Results are expressed as means Ϯ SE. Statistical significance between experimental groups was determined by Student's t-test. P Ͻ 0.05 was considered significant. creasing from 113 Ϯ 3.92 mg/dl in control rats to 46 Ϯ 7.47 mg/dl (n ϭ 4 rats for each group, P Ͻ 0.009).
RESULTS

Blood
Fasting was also associated with a decrease in total body weight [from 165 Ϯ 2.1 before to 138 Ϯ 1.2 g after fasting (n ϭ 8, P Ͻ 0.0001)]. However, the net body weight loss (see METHODS) was ϳ17.3 Ϯ 1.1 g (P Ͻ 0.05). After 24 h of refeeding the net body weight gain was 18.5 g, and hypoglycemia was also recovered to a level of 121 Ϯ 2.41 mg/dl, indicating that both hypoglycemia and weight loss were corrected during 24 h of recovery from fasting. Water balance and urine osmolality in fasting. Water intake, urine output, and urine osmolality were measured every 24 h. A significant polyuria was developed in fasting rats, with urine output increasing from 11 Ϯ 0.6 to 29 Ϯ 4.2 ml/24 h for control and fasting, respectively, (n ϭ 17 for each, P Ͻ 0.0001, Fig. 1B ). The polyuria improved during recovery from fasting (Fig.  1B) . The polyuria was associated with a significant decrease in urine osmolality [from 1,485 Ϯ 55 to 495 Ϯ 63 mosmol/kgH 2 O for control and fasting, respectively, (P Ͻ 0.0001, n ϭ 17 for each, Fig. 1C) ]. The first 24 h of the recovery phase were associated with an increase in urine osmolality above the normal levels [2,153 Ϯ 114 (n ϭ 8) vs. 1,485 Ϯ 55 mosmol/kgH 2 O (n ϭ 17), P Ͻ 0.001, Fig. 1C ]; urine osmolality returned to baseline level after 48 h of refeeding (Fig. 1C) . Interestingly, water intake decreased significantly during fasting [from 31 Ϯ 1.6 to 21 Ϯ 3 ml/24 h for control and fasting, respectively, (n ϭ 17 for each, P Ͻ 0.002 Fig. 1A) ], indicating that the polyuria was not secondary to polydipsia. The water intake first increased then returned to normal level during the recovery from fasting (Fig.  1A ). Water intake, urine volume, and urine osmolality remained unchanged in the time control group (data not shown). These studies demonstrate that 24 h of fasting impair the urinary concentrating mechanism and results in polyuria (without polydipsia).
Molecular Regulation of AQP2 and AQP1 Expression in Fasting
Immunoblot analysis of AQP2 expression. In the next sets of experiments, the effect of fasting on AQP2 protein expression was studied. Accordingly, microsomes were prepared from the inner stripe of outer medulla (as well as superficial cortex and inner medulla) of kidneys harvested from control, fasting, and recovery from fasting groups. In the outer medulla, the AQP2 protein abundance was decreased by 80% in fasting animals compared with control group (100 Ϯ 5% and 21 Ϯ 4% for control and fasting, respectively, n ϭ 8 2 for each, P Ͻ 0.002 Fig. 2A 2 ). AQP2 returned to normal levels after 24 h of recovery [100 Ϯ 5 vs. 85 Ϯ 5% for control (n ϭ 8) and recovery from fasting (n ϭ 7), Fig. 1 . Effect of fasting and recovery from fasting on water balance and urine osmolality. Rats were placed in metabolic cages, with free access to food and water. At time 0, all rats were deprived of food for 24 h. All animals had free access to water. Some of the rats were killed (fasting) and the others were switched back to normal diet for up to 24 h before death (recovery). Some animals were monitored for up to 48 h of recovery. Water intake (A), urine output (B), and urine osmolality (C) were measured daily.
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URINARY CONCENTRATING DEFECT IN FASTING respectively, P Ͼ 0.05 Fig. 2A ]. Comparable protein loading in various lanes was verified by gel staining (Fig. 2B) . The expression of AQP2 protein in the cortex was decreased by 60% in fasted animals compared with control group (100 Ϯ 7 vs. 40 Ϯ 7% for control and fasting, respectively, n ϭ 8 for each, P Ͻ 0.004 Fig. 2C ). During the recovery from fasting, AQP2 returned to control level [100 Ϯ 7 vs. 82 Ϯ 8% for control (n ϭ 8) and recovery (n ϭ 8), respectively, P Ͼ 0.05 Fig. 2C ]. In the inner medulla, AQP2 abundance was not affected in response to fasting (100 Ϯ 16 vs. 91 Ϯ 13% for control and fasting, respectively, n ϭ 7 for each, P Ͼ 0.05 Fig. 2D ). During the recovery period, AQP2 was, however, increased above the control level (100 Ϯ 16 vs. 192 Ϯ 36% for control and recovery, respectively, n ϭ 7 for each, P Ͻ 0.05 Fig. 2D ). The equity in protein loading in the cortex and inner medulla was verified by gel staining (data not shown).
Northern hybridization of AQP2. Total RNA was isolated from the cortex and outer and inner medulla of kidneys harvested from control, fasting, and recovery from fasting animals. AQP2 mRNA expression was , and 24 h recovery from fasting (R). AQP2 protein was decreased by 80% in fasting (*P Ͻ 0.002, **P Ͻ 0.004, compared with control, n ϭ 8 for each) and then recovered to normal levels during the recovery period. Each lane was loaded with 8 g total protein from a different rat. B: gel staining for this immunoblot, indicating equal protein loading. C, top: representative immunoblot of AQP2 protein abundance in the cortex showing the only expression of the nonglycosylated (29 kDa) form of AQP2. C, bottom: densitometry of AQP2 in control (C), fasting (F), and 24 h recovery from fasting (R). AQP2 protein was decreased by 60% in fasting (P Ͻ 0.004 compared with control, n ϭ 8 for each) and then recovered to normal levels during the recovery period. Each lane was loaded with 15 g total protein from a different rat. D, top: representative immunoblot of AQP2 protein abundance in the inner medulla showing the nonglycosylated (29 kDa) and the glycosylated (35 kDa) forms of AQP2. D, bottom: densitometry of AQP2 in C, F, and 24 h R. AQP2 protein was not altered in fasting (P Ͼ 0.05 compared with control, n ϭ 7 for each) but was significantly increased during the recovery period ( §P Ͻ 0.05, § §P Ͻ 0.04, compared with control, n ϭ 7 for each). Each lane was loaded with 3 g total protein from a different rat. NS, not significant. examined by Northern hybridization. In the cortex, the expression of AQP2 mRNA was not altered in fasting (n ϭ 7, P Ͼ 0.05, Fig. 3A ) or during recovery from fasting (n ϭ 6, P Ͼ 0.05, Fig. 3A ) compared with control (n ϭ 6). In the outer medulla, AQP2 expression significantly decreased in fasting rats, with mRNA levels decreasing by ϳ69% [from 100 Ϯ 8% in control (n ϭ 6) to 31 Ϯ 6% in fasting group (n ϭ 7), P Ͻ 0.003 Fig. 3B ]. The recovery phase was associated with an overexpression of AQP2 mRNA above the normal levels (from 100 Ϯ 8% in control to 196 Ϯ 21% in recovery group, n ϭ 6 for each, P Ͻ 0.004 Fig. 3B ). In the inner medulla, total RNA was isolated from pooled tissues of three to four rats in each group (a total of seven rats was used in each group of control, fasting, and recovery), and used for Northern hybridization. AQP2 mRNA expression was not altered in response to fasting (Fig. 3C ) compared with control. However, during the recovery from fasting, AQP2 mRNA levels were increased by 43% above the control levels (Fig. 3C) . Taken together, these results indicate that fasting causes polyuria and urinary concentrating defect, primarily via the downregulation of AQP2 protein abundance in the outer medulla and cortex. During the recovery period, the decrease in urine volume and the increase in urine osmolality involve the recovery of AQP2 protein in the cortex and outer medulla, and an increase in its expression levels in the inner medulla.
Immunoblot analysis of AQP1 expression. AQP1 is the major water-absorbing channel in the proximal nephron and is expressed in both apical and basolateral membranes of proximal tubule and the entire descending limb of Henle's loop. To examine whether the expression of AQP1 protein is also altered in fasting, immunoblot analysis of AQP1 protein was performed. The results are summarized in Fig. 4 , and show that AQP1 protein abundance was not altered in fasting or during the recovery from fasting in the cortex (Fig. 4A), outer medulla (Fig.  4B) , and inner medulla (Fig. 4C) .
Role of Hypoglycemia in Fasting-Induced Polyuria
Blood glucose level and body weight in glucosetreated and fasted rats. Fasting in rats was associated with hypoglycemia (see above). To examine the possible role of hypoglycemia in fasting-induced polyuria, rats were supplemented with 2.5% glucose added to their drinking water and subjected to the fasting protocol. The presence of glucose in the drinking water prevented hypoglycemia during fasting, with blood sugar levels of 123 Ϯ 17 and 130 Ϯ 8.5 mg/dl in fasting and control, respectively (n ϭ 4 for each, P Ͼ 0.05). The body weight was decreased in fasted rats (from 218 Ϯ 4 before fasting to 200 Ϯ 5.6 gm after fasting, n ϭ 7, P Ͻ 0.00001). However, the net body weight loss (after adjusting for the gastrointestinal contents; see METH-ODS) was only 7 Ϯ 0.01 g (P Ͻ 0.05).
Water balance and urine osmolality in glucosetreated and fasted rats. Addition of 2.5% glucose alone to the drinking water was associated with a significant Fig. 3 . Effect of fasting and recovery from fasting on AQP2 mRNA expression. Top panels: representative Northern hybridization of AQP2 mRNA and 28S rRNA levels in the cortex (A), outer medulla (B), and inner medulla (C). Bottom panels: bars mean AQP2 mRNA-to-28S rRNA ratio in C, F, and R. In the outer medulla, mean expression levels were decreased by 69% in fasting (n ϭ 7, **P Ͻ 0.003 compared with control, n ϭ 6) and were increased by 96% above normal levels during the recovery phase (*P Ͻ 0.004 compared with control, n ϭ 6 for each). Fasting did not affect AQP2 mRNA in the cortex and inner medulla. During the recovery, AQP2 mRNA increased in inner medulla by 43% above control levels. In the cortex and outer medulla, each lane was loaded with 30 g total RNA from a different rat. In the inner medulla, each lane was loaded with 30 g total RNA. Of the two lanes in the inner medulla, one lane represents RNA isolated from pooled tissues of three rats, and the other lane is from four rats. increase in fluid intake in normal animals compared with no glucose (from 27 Ϯ 1.8 ml/24 h in control to 42 Ϯ 8 ml/24 h in the presence of glucose, n ϭ 22 for each, P Ͻ 0.05, Fig. 5A ). Interestingly, fluid intake further increased to 76 Ϯ 9 ml/24 h in fasted rats on glucose (P Ͻ 0.005, n ϭ 14, Fig. 5A ). Urine volume paralleled fluid intake, as it was significantly increased in the presence of glucose alone compared with no glucose control (from 12 Ϯ 2 ml/24 h for control to 24 Ϯ 7 ml/24 h for glucose alone, n ϭ 22 for each, Fig. 5B , P Ͻ 0.001). Urine volume further increased to 73 Ϯ 9 ml/24 h in response to fasting (n ϭ 14) compared with glucose alone (n ϭ 22, P Ͻ 0.001, Fig. 5B ). The presence of 2.5% glucose in the drinking water caused a significant drop in urine osmolality compared with control (from 1,387 Ϯ 100 to 685 Ϯ 73 mosmol/kgH 2 O for control and glucose alone, respectively, n ϭ 22 for each, P Ͻ 0.0001, Fig. 5C ). Urine osmolality further decreased to 100 Ϯ 46 mosmol/kgH 2 O in fasted animals (n ϭ 14) compared with glucose alone (n ϭ 22) (P Ͻ 0.0001, Fig. 5C ). During the 24 h recovery from fasting, fluid intake ( Fig. 5A ) and urine output returned to baseline levels (Fig. 5B) . Urine osmolality was, however, increased above the normal levels and reached 1,354 Ϯ 197 for recovery (n ϭ 6) vs. 685 Ϯ 73 mosmol/kgH 2 O for glucose alone group (n ϭ 22, P Ͻ 0.04, Fig. 5C ). Taken together, these results indicate that addition of 2.5% glucose alone to the drinking water was associated with a significant impairment of water balance and urine osmolality. Furthermore, the results show that 2.5% glucose treatment corrected hypoglycemia but did not prevent polyuria in fasting, indicating that fasting-induced polyuria is not secondary to hypoglycemia.
Molecular Regulation of AQP2 Expression in Glucose-Treated and Fasted Rats
Immunoblot analysis of AQP2. Microsomes were prepared from the cortex and outer and inner medulla of kidneys harvested from normal rats (control), 2.5% glucose-treated animals (glucose), and 2.5% glucose- treated, fasted rats (glucose ϩ fasting). In the cortex, the presence of glucose alone in the drinking water was associated with a significant decrease in AQP2 protein abundance (Ϫ25%) [from 100 Ϯ 7 to 75 Ϯ 4% in control (n ϭ 4) and glucose alone (n ϭ 5), respectively, P Ͻ 0.04, Fig. 6A ]. In glucose-treated, fasted rats AQP2 protein further decreased by 40% [from 100 Ϯ 7% in control (n ϭ 4) to 60 Ϯ 6% in glucose ϩ fasting group (n ϭ 5), P Ͻ 0.03, Fig. 6A ]. In the outer medulla, 2.5% glucose alone did not alter the expression of AQP2 protein (n ϭ 5) compared with control (n ϭ 4) (P Ͼ 0.05, Fig. 6B ). However, in glucose ϩ fasting group, AQP2 protein abundance was decreased by 63% [from 100 Ϯ 3 to 37 Ϯ 9% in control (n ϭ 4) and glucose ϩ fasting (n ϭ 7), respectively, P Ͻ 0.03, Fig. 6B ]. In the inner medulla, the expression of AQP2 protein did not change in glucose-treated (n ϭ 5, P Ͼ 0.05) or in glucose ϩ fasting animals (n ϭ 5, P Ͼ 0.05) compared with control (n ϭ 4) (Fig. 6C) . Comparable protein loading in various lanes of these blots was verified with parallel gels stained with Coomassie brilliant blue (data not shown). These results indicate that glucose treatment alone decreased AQP2 protein in the cortex, which is likely responsible for altered water balance and decreased urine osmolality in this condition (Fig.  5) . Furthermore, fasting downregulates AQP2 protein in the cortex and outer medulla despite correction of hypoglycemia.
Northern blot analysis of AQP2 mRNA. In a manner similar to that in the above experiments, the effect of fasting on AQP2 mRNA expression was studied in glucose-treated animals. Accordingly, total RNA was isolated from cortex and outer and inner medulla of kidneys harvested from control, 2.5% glucose-treated, or glucose ϩ fasting groups. In the cortex, AQP2 mRNA expression was not altered in glucose-treated animals (n ϭ 6, P Ͼ 0.05), or in glucose ϩ fasting (n ϭ 6, P Ͼ 0.05) compared with control (n ϭ 6) (Fig. 7A) . In the outer medulla, 2.5% glucose alone did not alter the expression of AQP2 mRNA (n ϭ 6, P Ͼ 0.05) compared with control (n ϭ 6) (Fig. 7B) . However, in the glucosetreated and fasted group, AQP2 mRNA was decreased by 60% [from 100 Ϯ 20 to 40 Ϯ 7% for control (n ϭ 6) and glucose ϩ fasting (n ϭ 7), respectively, P Ͻ 0.04; Fig. 7B ]. Taken together, these results indicate that fasting-induced nephrogenic urinary concentrating defect is due to the downregulation of AQP2 expression in the outer medulla and cortex and that this effect is independent of blood glucose levels.
DISCUSSION
The studies above demonstrate that food deprivation resulted in polyuria and urinary concentrating defect (Fig. 1) . Polyuria was associated with a decrease in water intake, indicating that it was not secondary to polydipsia (Fig. 1) . The alterations in urine output and urine osmolality in fasting were reversed within 24 h of refeeding (Fig. 1) . Examination of AQP2 water channel expression revealed that the abundance of this protein Fig. 5 . Correction of hypoglycemia does not prevent fasting-induced polyuria. Rats (n ϭ 22) were placed in metabolic cages with free access to food and water. After 3 days, at time 0, the drinking water was supplemented with 2.5% glucose. At time ϩ72 h, 8 rats remained on food and water ϩ glucose (Glucose), whereas the remaining 14 rats were deprived of food for 24 h but with free access to water ϩ glucose. Eight rats were killed [glucose ϩ fasting (G ϩ F)], and the other 6 were switched back to normal diet for 24 h before death (Recovery). Another group of 7 rats was on food ϩ water (control/dH 2 O). Fluid intake (A), urine volume (B), and urine osmolality (C) were measured daily.
was heavily suppressed in the outer medulla ( Fig. 2A) and significantly decreased in the cortex (Fig. 2C) . The downregulation of AQP2 protein in fasting correlated with a significant decrease in the expression of AQP2 mRNA in the outer medulla (Figs. 3B and 7B) but not in the cortex (Figs. 3A and 7A) . Urine osmolality and polyuria were corrected during the recovery from fasting and correlated with an upregulation in the expression of AQP2 in the cortex and outer and inner medulla (Figs. 2 and 3) . Furthermore, the effects of fasting or recovery from fasting were specific to AQP2, as the expression of AQP-1 was not altered in these conditions (Fig. 4) .
The mechanism underlying the decrease in AQP2 protein abundance without alteration in the mRNA expression levels in the cortex is not clear. An inhibition of the translation process and/or activation of the AQP2 protein turnover are possible explanations. Alteration in the cellular distribution or trafficking of AQP2 protein is unlikely, as total cellular protein was used for the immunoblotting experiments (see METHODS). In the inner medulla, the expression of AQP2 protein/mRNA was not affected by food deprivation (Figs. 2D and 3C) . However, an increase in AQP2 mRNA and protein was observed during the 24-h recovery from fasting (Figs. 2D and  3C ). The increase in AQP2 expression during the recovery period without alteration in fasting may result from the fact that the effects of fasting and recovery on collecting duct AQP2 are mediated via distinct signaling pathways. It is also plausible that the cell heterogeneity along the collecting tubule [principal cells in the cortical collecting duct (CCD) and OMCD vs. inner medullary collecting duct (IMCD) cells] may play a role in the differential response of AQP2 in fasting vs. recovery from fasting.
The chemical analysis of blood composition indicated that serum electrolyte profile and osmolality were comparable in control and fasting animals ( Table 1) . One F) . AQP2 protein was decreased by 25% in G (n ϭ 5, *P Ͻ 0.04 compared with control, n ϭ 4) and further decreased in G ϩ F group (n ϭ 5, **P Ͻ 0.04, compared with G, n ϭ 5). B, top: representative immunoblot of AQP2 protein abundance in the outer medulla. B, bottom: densitometry of AQP2 protein in C, G, and G ϩ F. AQP2 protein abundance was not altered in response to G but decreased by 63% in G ϩ F (n ϭ 4, §P Ͻ 0.03 compared with control, n ϭ 4). C, top: representative immunoblot of AQP2 protein abundance in the inner medulla. C, bottom: densitometry of AQP2 in C, G, and G ϩ F. AQP2 protein was not altered in response to G (n ϭ 5) or G ϩ F (n ϭ 5) (P Ͼ 0.05 compared with control, n ϭ 4). Fifteen, eight, and three micrograms of total protein from different rats were loaded per lane in cortex and outer and inner medulla, respectively.
would expect an increase in serum osmolality and sodium in the face of polyuria and decreased water intake in fasting. The reason for the lack of alteration in plasma osmolality and blood composition despite a significant fluid loss after 24 h of fasting is not very clear at the present. One possibility is that fasting has caused a transcellular fluid shift from intracellular to extracellular compartment, hence attenuating extracellular volume depletion due to polyuria.
Food deprivation was associated with hypoglycemia. Correction of hypoglycemia, however, did not prevent the generation of polyuria (Fig. 5B ) and dilute urine (Fig. 5C ) in fasted animals. Furthermore, the polyuria and urinary concentrating defect in glucose-treated, fasted animals was also associated with a significant decrease in AQP2 expression in both cortical (Fig. 6A) and OMCD (Fig. 6B) . These results indicate that the downregulation of AQP2 protein and the resulting urinary concentrating defect in fasting animals is not mediated by hypoglycemia. Interestingly, there was an increase in water intake in fasted animals supplemented with glucose, which was opposite to the fasted animals on no glucose (Figs. 1A and 5A ). Whether polyuria and AQP2 downregulation in fasting resulted from increased water intake (sweet taste) is unlikely. In water-loaded rats, studies by Ecelbarger et al. (10) showed a significant decrease in AQP2 protein abundance in the inner medulla along with a 46% decrease in the osmotic water permeability of IMCD of waterloaded rats. However, our studies indicate that AQP2 protein abundance was not altered in the inner medulla of glucose-supplemented and fasted rats (Fig.  6C) , indicating that polyuria and decreased AQP2 in these animals is a result of fasting rather than water loading. Finally, the presence of glucose alone was associated with a significant alteration in water balance, as both fluid intake (Fig. 5A ) and urine volume (Fig. 5B ) were increased along with decreased urine osmolality (Fig. 5C ). The increase in urine output in the presence of glucose is likely due to decreased AQP2 protein expression in the CCD (as shown in Fig. 6A ).
Recent studies have demonstrated that the expression of AQP2 protein in the collecting duct is significantly decreased in several forms of acquired nephrogenic diabetes insipidus (such as lithium treatment, hypercalcemia, K ϩ depletion, and ureteral obstruction) (9, 21, 22) as well as models of nephrotic syndrome (puromycin aminonucleoside, adriamycin, and low protein diet) (12, 13, 21) . Whereas other isoforms of water channels (i.e., AQP3 and AQP4) are expressed in the collecting duct, the urinary concentrating defect in the above conditions results mainly from the alterations in the AQP2 expression, as this transporter is the only apical water channel in the collecting ducts (8, 9, 15, 16) . However, an eventual dysregulation of the basolateral AQP3 and AQP4 in response to fasting or recovery from fasting is not excluded.
The mechanism by which fasting downregulates AQP2 and, as a result, impairs urinary concentrating ability is not clear. One possibility is hormonal dysregulation in response to hypoglycemia. However, correction of hypoglycemia did not block the urinary concentrating defect in fasting animals (Figs. 5 and 6 ). An eventual role of alteration in the levels of circulating antidiuretic hormone (ADH) is unlikely. The plasma osmolality was not significantly affected, and BUN and serum creatinine remained unchanged in fasting, suggesting the stability of the volume status. Moreover, fasted animals have a significant negative water balance as a result of polyuria without polydipsia. Therefore, if anything, serum ADH should increase in response to the possible dehydration, and that should actually increase the expression of AQP2 water channel (8, 32) .
Fasting is associated with protein deprivation, which has been shown to alter the urinary concentrating ability in both human (reviewed in Ref. 20 ) and experimental animals (13, 24, 29) . Defective urine concentration in a low-protein diet was reversed by urea supplementation (13, 29) . Whether polyuria and decreased urine osmolality in fasted animals result from decreased protein intake with subsequent reduction in urea delivery to the medullary interstitium remains speculative. Such a possibility is unlikely, as the effect of a low-protein diet requires 2-3 wk to develop (24, 29), Fig. 7 . Effect of G and G ϩ F on AQP2 mRNA expression. A, top: representative Northern hybridization of AQP2 mRNA and 28S rRNA levels in the cortex. Lower panels, Bars: mean AQP2 mRNA-to-28S rRNA ratio in C, G, and G ϩ F. AQP2 mRNA expression levels were not altered in response to G or G ϩ F compared with control (P Ͼ 0.05, n ϭ 6 for each). B, top: representative Northern hybridization of AQP2 mRNA and 28S rRNA levels in the outer medulla. Lower panels, Bars: mean AQP2 mRNA-to-28S rRNA ratio in C, G, and G ϩ F. AQP2 mRNA expression levels were not altered in glucose-treated rats, but significantly decreased in G ϩ F group (n ϭ 7, **P Ͻ 0.04 compared with control, n ϭ 6). In both tissues, 30 g total RNA from a different animal was loaded per lane.
whereas fasting-induced urinary concentrating defect occurs within 24 h.
Several hormones, such as growth hormone, adrenal steroid, and prostaglandins, have been reported to be increased in fasting (2, 15, 19, 26) . Prostaglandins are known to antagonize the effect of AVP on water transport in the collecting duct (11) . Adrenal gland steroids also play an important role in the process of urinary concentrating ability in both human (35) and experimental animal (18, 30) . Whether these hormones play any role in fasting-induced urinary concentrating defect remains to be determined. Another interesting observation in this model is the lack of any significant alteration in serum sodium in fasted animals despite significant polyuria and negative water balance (Table  1 ). It is possible that food deprivation is also associated with an increase in urinary Na ϩ loss. It has been reported that fasted male rabbits developed a polyuricpolydipsic syndrome associated with enhanced urinary Na ϩ loss (6, 28) . However, rats and rabbits respond differently to fasting in that rabbits develop both polyuria and polydipsia (1, 14, 17, 27) , whereas rats develop polyuria and hypodipsia (Fig. 1) . It is worth mentioning that animals may have not reached a steady state after 24 h of fasting. Hence, more studies are required to fully describe the renal response to fasting with respect to urinary concentrating mechanism and renal sodium handling at both short and long term.
In conclusion, fasting impairs the urinary concentrating ability and, as a result, causes polyuria. This effect is mediated via suppression of AQP2 expression in the collecting duct. The inability to concentrate urine in fasting is rapidly reversible on refeeding and is associated with a return of AQP2 expression to normal levels. Lastly, fasting-induced urinary concentrating defect is independent of glucose homeostasis.
